A method for the analysis of ultra-trace levels of semi-volatile and non-volatile organic compounds in snow and application to a Greenland snow pit  by von Schneidemesser, Erika et al.
Available online at www.sciencedirect.comPolar Science 2 (2008) 251e266
http://ees.elsevier.com/polar/A method for the analysis of ultra-trace levels of semi-volatile
and non-volatile organic compounds in snow and application to
a Greenland snow pit
Erika von Schneidemesser a, James J. Schauer a,*, Martin M. Shafer a,
Gayle S.W. Hagler b, Michael H. Bergin b, Eric J. Steig c
a Environmental Chemistry and Technology Program, University of Wisconsin-Madison, Madison, WI 53706, USA
b School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA
c Department of Earth and Space Sciences, University of Washington, Seattle, WA 98195, USA
Received 2 April 2008; revised 9 July 2008; accepted 28 August 2008
Available online 2 October 2008AbstractA method was developed to quantify a suite of organic compounds from snow melt water samples present at trace level
concentrations, using a dichloromethane liquideliquid extraction and GCeMS. Samples from a 3-m snow pit sampled in 2005
from Summit, Greenland were analyzed using the method developed, and a profile of organics over the past w4 years was
compiled. Supporting data including the concentrations of total organic carbon (TOC), low molecular weight acids, and trace
elements were determined using well established methods. The results show that low molecular weight acids contribute a signif-
icant percentage, up to 20%, of the measured TOC. Hopanes were measured quantitatively for the first time in Greenland snow.
Hopanes, as well as PAHs, are at very low concentrations and contribute 0.0002e0.004% to TOC. Alkanes and alkanoic acids were
also quantified, and contribute less than 1% and up to 7%, respectively to TOC. No apparent seasonal pattern was found for specific
classes of organic compounds in the snow pit. The lack of seasonal pattern may be due to post-depositional processing.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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The study of past atmospheric conditions is
a unique feature of glaciers which are composed of
precipitation that has accumulated over thousands of
years. Aerosol species deposited on glaciers, especially
those in the polar regions can be used as records of
global background atmospheric conditions (Mayewski* Corresponding author.
E-mail address: jjschauer@wisc.edu (J.J. Schauer).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.08.004et al., 1986). The amount of aerosols in the atmosphere
changes over time, and the amount of anthropogenic
aerosols especially has increased dramatically over the
past century due to industrialization, land use change,
and changes in climate (IPCC, 2001). Glacial records
of specific aerosol species (e.g. sulfate, Ca2þ) can
reflect changes in both sources and seasonal meteo-
rology (Barbante et al., 2003; Hutterli et al., 2007;
Mayewski et al., 1986). The carbonaceous material in
aerosols consists of elemental and organic carbon, and
can make up over half of the fine aerosol mass in urbanreserved.
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et al., 2003). Aerosols exert an important impact on
climate and human health. In the atmosphere aerosols
can influence the scattering and absorption of light, the
formation of clouds, and when deposited, the albedo of
surfaces, such as snow. While a number of studies have
been conducted on the inorganic components of the
aerosols being deposited on and retained in glaciers,
such as the sulfate and nitrate patterns (Mayewski
et al., 1986) and the seasonality of heavy metals
(Barbante et al., 2003), fewer studies have looked at
the composition of the organic matter reaching these
remote locations. The few studies that have been done
typically measure the amount of total organic carbon
(Twickler et al., 1986), major components of total
organic carbon (Hagler et al., 2007b) or a certain
limited class of organic compounds. Jaffrezo et al.
(1994), Masclet et al. (2000), and Slater et al. (2002)
all quantified polycyclic aromatic hydrocarbons in
snow pits at Summit, Greenland. The largest amount of
research quantifying organics is in the Arctic is
centered around various acids; specifically low
molecular weight carboxylic acids which have been
measured in the snow or ice-cores from Greenland
(Dibb et al., 1996; Kawamura et al., 2001; Legrand and
Deangelis, 1995) and in the high Canadian Arctic
(Narukawa et al., 2002). At this point there is still
a poor understanding of the carbonaceous aerosols
reaching remote locations and their stability and
retention in the snowpack. Nevertheless, glacial
snowpacks have proven to be photochemically active
(Domine and Shepson, 2002) and while the role that
organic compounds play in these reactions has only
recently begun to be researched, it has been shown that
organic components, such as formaldehyde and acet-
aldehyde, are photochemically active and affect the
release of gas-phase species into the atmosphere above
the snowpack (Grannas et al., 2004; Sumner and
Shepson, 1999). The oxidation of organics in snow is
also hypothesized to be connected to the production of
organic acids in the firn air (Grannas et al., 2007). Few
studies have characterized the individual organic
compounds which compose the carbonaceous portion
of the aerosol; this is important because it may yield
insights to the transport, post-depositional processing,
and possible source regions of the aerosol. In addition,
the use of these organic compounds, which have been
used as molecular markers in aerosol sampling for
source apportionment (Schauer et al., 1996), could be
applied to ice-cores to improve the interpretation of
historical ice-core records. This paper presents
a method to quantify a suite of organic compounds insnow samples at trace levels. Using this method in
conjunction with well established methods, such as ion
chromatography, a more complete picture of the
specific organic compounds contributing to the carbo-
naceous aerosols deposited in snow will be presented.
Using a number of molecular marker compounds,
possible sources will be identified. In addition, such
a method would allow for further experimentation of
the stability of these compounds after deposition, and
improvement of interpretation of historical data
recorded in glacial ice.
2. Methods
2.1. Sample collection
A suite of organic compounds was measured in the
snow sampled on the Greenland Ice Sheet, at Summit,
Greenland (72 N, 38 W, 3200 m elevation), during
the summer of 2005. A 3-m snow pit was sampled at
10 cm increments for ions, trace metals, d18O, and at
20 cm increments for organics. Snow pits were dug in
the clean air sector at Summit, into the wind, and the
sampling face was cleaned with a pre-cleaned glass
scraper immediately before sampling for organics.
Snow samples were kept in pre-cleaned one-liter glass
jars with Teflon lid liners in sealed bags, and remained
frozen until analysis. All glassware was pre-cleaned by
washing with Neutrad pH neutral soap, rinsing with
acetone, and baking for 8 h at 475 degrees Celsius.
Tyvek suits were worn during sampling in the snow
pits to prevent any contamination from persons and
clothing. Lab and field blanks were analyzed for
possible contamination and blank subtraction purposes.
Wisconsin snow samples were collected in March
2006 from the Northern Highland State Forest in
Northern Wisconsin, a remote region of the state and
Midwest. The snow collected was from a recent
snowfall (within 48 h) on an open field surrounded by
mixed-hardwood trees. The top 5 cm was removed and
the 5e10 cm depth was collected in bulk Teflon-lined
foil bags. The samples remained frozen until analysis.
2.2. Sample analysis
Snow samples were set out in a laminar flow hood
12e24 h before analysis to melt in the one-liter glass
jars. Two one-liter sample bottles of snow were
combined for each sample, which melted down to
300e700 mL of melt water total, depending on how
full the sample bottles were and the density of the snow
sampled. One sample, (two liters of snow) was
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was added to field blank or lab blank sample bottles in
proportion to the melted snow for blank determination
and sample spikes. The melt water samples were
acidified using concentrated sulfuric acid to a pH of
approximately 2.5. An internal standard, containing
deuterium-labeled recovery standards in a 2:1 benze-
ne:isopropyl alcohol solution, was spiked into each of
the samples and the sample spikes also had particulate
matter standards added to calculate recoveries of the
different organic compounds. The melt water was then
transferred to a pre-cleaned two-liter separatory funnel.
An aliquot of dichloromethane, 10 mL for every
100 mL of melt water, was added to the sample
container before being transferred into the separatory
funnel. The mixture was shaken in the funnel for
2 min. After allowing the liquids to settle and separate,
the dichloromethane portion was drawn off through
a glass filter funnel, into a pre-cleaned 300 mL round
bottom flask. The filter funnel contained baked quartz
wool with a layer of baked and acidified sodium sulfate
above the quartz wool, to trap any particles and remove
any water. The melt water sample was washed three
times with dichloromethane.
The three combined dichloromethane washes, with
5 mL of methanol to retain the more polar compounds,
were concentrated to 1e2 mL using roto-evaporation
(vacuum pressure 7 in Hg; water bath temperature 35
degrees Celsius). The extract was then transferred to
a pre-cleaned, DCM rinsed, 2 mL amber vial. The
round bottom flask was rinsed three times with
dichloromethane, and the rinses were added to the
amber vial. The extract was concentrated to a final
volume of 200 mL or 100 mL under a stream of
nitrogen (1e2 psi/vial), depending on the GCeMS
analysis type.
Clean techniques were used in the lab to minimize
environmental contamination. All extraction work was
performed in a laminar flow hood. Sodium sulfate was
freshly acidified within 24 h of use. All glassware was
cleaned and ashed within one week of use.
Samples with a final volume of 200 mL were
analyzed by regular injection (3 mL) GCeMS (Shees-
ley et al., 2004) for alkanes, acids, and isoprenoids.
Samples with a final volume of 100 mL were analyzed
by large volume injection (30 mL) PTVeGCeMS for
PAHs and hopanes. The large volume injection allowed
for an increased sensitivity and lower detection limit
for those compounds present at much lower concen-
trations. This method is not viable for the compounds
at higher concentrations, such as the alkanoic acids,
because the peaks top out in the chromatograms. TheGCeMS analysis conditions are summarized in
Supplemental Information in Table A1. During the
GCeMS analyses, quantification standards, which also
included deuterium-labeled internal standard, were run
at 6 dilutions at different times during the sample runs.
Six point calibration curves were quantified for each of
the compounds in the standards, based on the labeled
internal standard compound that most closely matched
its molecular weight, structure, retention time, and
polarity. Compounds quantified in the samples were
done so based on the calibration curves of the stan-
dards and the appropriate labeled internal standard
compound. Compounds quantified that were not in the
standards, were based on calibration curves that most
closely matched an available standard in terms of
molecular weight, structure, retention time, and
polarity (Sheesley et al., 2004). The organic
compounds quantified are listed in Table 1. The
average recovery values for the sample spikes are lis-
ted, as well as the reporting limit, and the average
concentration for each compound. Concentrations
measured were not corrected for the average recov-
eries, but were blank corrected. The reporting limit is
based on the lowest concentration of the samples after
blank subtraction that could be confidently reported. In
the case that the average blank value concentration is
significantly lower than the lowest concentration in the
samples, that concentration is listed. In the case that
the compound was not quantified in the blanks and was
below detection in the samples, the lowest dilution
quantified in standards is listed. Concentrations of the
compounds measured in snow from Wisconsin were
included for comparison. A typical sample chromato-
gram has been provided for reference in Fig. 1. While
not all compounds listed in Table 1 are identified in
this chromatogram, this represents a typical sample
analyzed by the regular GCeMS method.
Total organic carbon (TOC) was measured using
a Sievers 900 UV-oxidation-based carbon analyzer.
Snow samples were shipped back frozen and remained
frozen until analysis. Snow samples were melted in the
closed sample jars, and immediately after melting were
transferred to pre-cleaned auto sampler vials whichwere
sealed and promptly analyzed. The samples were cor-
rected forMilliQmethod blanks, but not for field blanks,
which showed no quantifiable TOC. Tests were done to
compare the results of samples that were pre-acidified or
melted with the addition of base, and no significant
change in the amount of TOC measured was found.
Additional tests were also performed to determine the
possible contamination for different sample bottle types,
including glass and low density polyethylene; the
Table 1
Snow melt water method specifications, including the low boundary for reporting concentrations, average recovery, average concentrations, and
concentrations measured in snow from Northern Wisconsin (WI)
Compound Method Reporting
limit (ng/kg)
Average
recovery (%)
Median conc.
(ng/kg)
Median conc.
uncertainty (ng/kg)
WI snow conc.
(ng/kg)
Polycyclic aromatic hydrocarbons
Phenanthrene PTV 0.49a 63 1.1 0.50 34
Fluoranthene PTV 0.18 86 0.42 0.19 13
Retene PTV 0.31 69 0.31 0.05 b.d.
Coronene PTV 0.13 86 b.d. b.d. 8.1
Hopanes
17b(H)-21a(H)-30-Norhopane PTV 0.15 120 0.53 0.18 n.q.
17a(H)-21b(H)-Hopane PTV 0.11 120 0.32 0.12 n.q.
22S-Homohopane PTV 0.08 120c 0.20 0.09 n.q.
22R-Homohopane PTV 0.11 120c 0.22 0.09 n.q.
22S-Bishomohopane PTV 0.08 120c 0.22 0.09 n.q.
22R-Bishomohopane PTV 0.05 120c 0.14 0.06 n.q.
Alkanes
Octadecane GC/MS 160 66 160 24 130
Nonadecane GC/MS 7.5b 90 b.d. b.d. 220
Eicosane GC/MS 4.0b 100 b.d. b.d. 190
Heneicosane GC/MS 18b 130 b.d. b.d. 470
Docosane GC/MS 7.9b 110 b.d. b.d. 320
Tricosane GC/MS 3.5 94 3.7 0.56 1100
Tetracosane GC/MS 4.9 93 12 3.6 780
Pentacosane GC/MS 4 92 9.5 3.4 4800
Hexacosane GC/MS 13a 92 24 11 640
Heptacosane GC/MS 19 93 34 14 13,000
Octacosane GC/MS 13a 100 56 18 640
Nonacosane GC/MS 7.9 110 25 8.0 11,000
Triacontane GC/MS 6.6a 110 49 9.8 360
Hentriacontane GC/MS 13 100 33 13 2400
Dotriacontane GC/MS 17 100 29 9.1 290
Tritriacontane GC/MS 14 100 24 12 610
Tetratriacontane GC/MS 14 100 54 12 190
Pentatriacontane GC/MS 73 110 73 11 210
Hexatriacontane GC/MS 42 110 82 12 190
Heptatriacontane GC/MS 110b 110 b.d. b.d. 190
Octatriacontane GC/MS 69 100 76 11 130
Nonatriacontane GC/MS 95b 100 b.d. b.d. b.d.
Tetracontane GC/MS 94 99 94 14 b.d.
Alkanoic acids
Octanoic acid GC/MS 210 89 b.d. b.d. 480
Nonanoic acid GC/MS 65b 89c b.d. b.d. n.q.
Decanoic acid GC/MS 150a 140 160 58 550
Undecanoic acid GC/MS 63b 140c b.d. b.d. n.q.
Dodecanoic acid GC/MS 120a 120 140 43 520
Tridecanoic acid GC/MS 63b 120c b.d. b.d. n.q.
Tetradecanoic acid GC/MS 120 130 200 84 720
Pentadecanoic acid GC/MS 210 130c 210 52 510
Hexadecanoic acid GC/MS 1100 130 2200 900 2900
Heptadecanoic acid GC/MS 56b 130c b.d. b.d. 360
Octadecanoic acid GC/MS 760 130 1900 670 2800
Nonadecanoic acid GC/MS 33 130c 33 4.9 350
Eicosanoic acid GC/MS 220 130 220 44 1500
Heneicosanoic acid GC/MS 22 130c 22 3.4 800
Docosanoic acid GC/MS 160 120 160 33 3700
Tricosanoic acid GC/MS 50b 120c b.d. b.d. 1400
Tetracosanoic acid GC/MS 120 120 120 21 7500
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Table 1 (continued )
Compound Method Reporting
limit (ng/kg)
Average
recovery (%)
Median conc.
(ng/kg)
Median conc.
uncertainty (ng/kg)
WI snow conc.
(ng/kg)
Pentacosanoic acid GC/MS 57b 120c b.d. b.d. 2200
Hexacosanoic acid GC/MS 10 120c 12 1.9 19,000
Heptacosanoic acid GC/MS 14 120c 14 2.1 2400
Octacosanoic acid GC/MS 17 120 49 7.4 22,000
Nonacosanoic acid GC/MS 69b 120c b.d. b.d. 970
Triacontanoic acid GC/MS 150 100 150 23 3300
Keto acids
Pinonic acid GC/MS 24 70 b.d. b.d. 270
Unsaturated fatty acids
Palmitoleic acid GC/MS 88a 120 330 110 120
Oleic acid GC/MS 50a 130 110 42 81
Linoleic acid GC/MS 49 110 49 7.3 260
b.d.¼ below detection.
n.q.¼ not quantified.
Reporting limit is the lowest concentration that can confidently be reported after blank subtraction based on quantified sample values, and applies to
all values without an additional qualification (e.g. a or b).
a Based on blank values.
b Based on the instrument detection limit.
c Recovery value based on the compound most similar in terms of retention time, structure, and polarity for those not included in the standards.
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contribute an insignificant amount of TOC.
A parallel snow pit was analyzed for TOC at
Georgia Tech following the method presented in
Hagler et al. (2007b). Slight variations between the
methods included pre-acidification of the snow20.0 25.0
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Fig. 1. (a) A typical sample chromatogram from a single depth of the snow
of alkanes. Not all compounds listed in Table 1 are necessarily identified on
n-# indicates an n-alkane of that number chain length; n-#a indicates an n-a
labeled internal standard compound; Ch is chrysene; Cor is coronene.samples after melting, as well as the use of an in-line
quartz fiber filter on the carbon analyzer. The data
analyzed at Georgia Tech will be referred to as the
‘filtered TOC method’ for ease of distinction.
Trace metals were analyzed by inductively coupled
plasma mass-spectrometry (ICP-MS). Snow samples30.0 35.0 40.0
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pit. (b) An expanded mass to charge chromatogram for ion 57, typical
the chromatogram as not all compounds were present at every depth
lkanoic acid of that number chain length; (IS) indicates a isotopically
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cleaned Teflon beakers in a HEPA hood for trace metal
analysis. The melting snow was spike with ultrahigh
purity nitric acid. Melted snow was transferred to clean
low density polyethylene bottles for three days of acid
digestion prior to the ICP-MS analysis. Low molecular
weight acids were analyzed by ion chromatography
(Legrand et al., 1993). The d18O of H2O (snow) was
analyzed at the University of Washington with
a Micromass (GV) Aquaprep system using standard
CO2 equilibration (Epstein and Mayeda, 1953).
Precision of the d18O measurements, referenced to
V-SMOW, is <0.1&.
3. Results and discussion
3.1. Snow pit chronology
The snow pit chronology was determined using
Ca2þ ion concentrations, correlated with d18O data,
with reference to additional elements for supporting
information when needed, see Fig. 2. Spring layers
were identified by the Ca2þ peaks at 20, 100, 160, and
250 cm, which can be more or less prominent
depending on the year (Barbante et al., 2003; Masclet
et al., 2000; Slater et al., 2002). The d18O data is
a proxy for temperature that is recorded thru precipi-
tation. Less negative values, or precipitation with
a higher enrichment in heavier isotopes, is indicative of
warmer temperatures (summers), and more negative
values therefore indicate colder temperatures (winters)
(Jouzel et al., 1997).
3.2. Total organic carbon
Total organic carbon (TOC) was measured at
a sampling interval of 10 cm throughout the 3-m snow
pit. Two parallel snow pits were dug and sampled,
approximately 20 m apart. In both cases TOC was
measured using a Sievers 900 UV-oxidation-based
carbon analyzer. However, the TOC analysis for these
two data sets was done separately with slight proce-
dural variations (see Section 2 above). Both results are
shown in Fig. 3. The average TOC concentration for
this study is 64 mg C/kg; the average as analyzed with
the filtered TOC method is 35 mg C/kg (missing values
were removed because of inconsistencies between
duplicates). In comparing the two parallel sets of
samples, it can be seen that the unfiltered samples are
generally higher than the filtered samples. Hagler et al.
(2007b) found that POC contributes approximately10% of total carbon and thus the filtered set is expected
to be lower. Other sources of error that may contribute
to differences between the two parallel sets of samples
include human error in collecting identical snow layers
and any potential contamination introduced to the
samples through handling and measurement. Several
sets of 5 duplicate surface snow samples were
measured and found to have filtered TOC standard
deviations of 24 mg/kg (Hagler et al., 2007b), which is
similar to the difference of 29 mg/kg in average TOC
between the two presented sets of snow pit TOC data.
As the compared sets of TOC samples were measured
in separate snow pits by different laboratories using
slightly modified protocols, as well as the very low
levels which are being measured that are pushing the
detection limit of the instrument, the agreement in
overall TOC concentrations is promising. These aver-
ages also agree well with the total (water soluble and
water insoluble) organic carbon sum of 45.1 mg kg that
was reported for a pit from 2006 (Hagler et al., 2007b).
The snow pits were sampled 20 m and a few days apart
and while the overall profile is retained, mixing due to
drifting and interaction with the atmosphere can cause
differences in what is measured; variations in the
concentration of TOC in surface layers on the order of
hours has been observed at Summit by Hagler et al.
(2007a). Additionally, these levels of TOC are very
low; measurements of dissolved organic carbon from
various rivers throughout the United States, including
Wisconsin, Michigan, and Georgia, have levels that
range from 800 to 47,000 mg/L (Hoffmann et al.,
2000). The 2005 pit results are within range of that
measured by Twickler et al. (1986) at Dye-3 in
Greenland in June 1984 where concentrations ranged
from 30 to 320 mg kg. Very few measurements of total
organic carbon have been made in Greenland at this
time, and there is a large variation among all of those
that have been made; measurements made by Grannas
et al. (2004) at Summit ranged from 400 to 580 mg C/
kg for surface snow samples collected once during
each of the seasons in 2001.
In summary, the comparison between the TOC
profile measured by this study, the filtered TOC
method, and the data presented for the TOC from
a snow pit profile from 2006 by Hagler et al. (2007b)
agree reasonably well, given the very low concentra-
tions that are being measured, the variability within the
snowpack and the large variations in the TOC
measurements made thus far in Arctic snow. In addi-
tion, given that the variation in surface TOC concen-
trations was observed on the timescale of hours, this
would imply that TOC concentrations are not
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Fig. 2. Calcium concentrations and delta O-18 values for the depths sampled in the snow pit. These parameters, as well as sodium and magnesium
measurements were used to determine the approximate seasonal chronology of the snow pit layers.
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the snow surface, and variations of TOC between
different locations, sampling season, and time of day
are to be expected.
3.3. Speciated organics
The contribution of measured water insoluble
organics and water soluble organics (low molecular
weight acids) is presented in Fig. 4, in terms of
concentration with respect to the TOC concentration.
Water insoluble organics is operationally defined as
those compounds that are not freely soluble in small
amounts of water, and are extractable by DCM fromthe snow melt water, nominally all those compounds
analyzed by GCeMS. This may include a small
amount of particulate because the samples are not
filtered before analysis. The compounds included in
this category are listed in Table 1. The table includes
the reporting limit for this data set, which is based on
the lowest concentration that can confidently be
reported after blank subtraction, the average recovery
value for the compound, the median concentration
over the 3-m snow pit, as well as the uncertainty for
the median value listed, and for comparison the
concentration measured in snow in Wisconsin.
Because of the trace level concentrations of many of
the compounds they were evaluated thoroughly in
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Fig. 3. Measured total organic carbon from two parallel snow pits, using different sample preparation and analysis protocols, sampled at Summit,
Greenland, Summer 2005. Missing values were removed because of inconsistencies between duplicates. The error bars for the filtered TOC
method are based on the variability of duplicates. The error bars for the TOC from this study represent propagated error based on the uncertainties
of the sample analysis and the variation in the blanks.
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tions to determine that the concentrations measured
were significant and not just in the noise of the GCe
MS chromatograms. Each sample was corrected by
average blank values, based on lab and field blank
tests. Furthermore, propagated uncertainty was
calculated for each compound measurement, and
those samples with two times the uncertainty thatoverlapped zero were removed. Unfortunately, there
was not enough sample volume at any layer for
duplicate sample analysis. For samples that are
approaching the reporting limit the uncertainty is also
approaching 100%. For higher concentrations in the
case of the alkanes and alkanoic acids the uncertainty
is typically around 15%. This is based on the propa-
gated uncertainty calculation which accounts for the
μg C/kg
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Fig. 4. Contribution of water insoluble organics and water soluble low molecular weight acids to total organic carbon. Data not available for GCe
MS analysis (alkanes and insoluble acids) at the 240 cm depth, see text for details.
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original sample concentration. In the case of the
hopanes and PAHs most concentrations are never
large enough that the propagated uncertainty is
dominated by the percentage of the sample
concentration.
The water insoluble organics comprise at the most
5.1 mg C/kg or just under 10% of TOC measured at
any one depth. This compares well with the 4.6 mg C/
kg of water insoluble organic carbon quantified by
Hagler et al. (2007b) in a 2006 pit from Summit.These same compounds measured in snow from
Wisconsin were found either at comparable levels, or
more commonly at levels that were orders of magni-
tude greater than those measured in the Arctic, with
the exception of the hopanes which were not quanti-
fied in the Wisconsin snow. The low molecular weight
acids, which include formic, acetic, propionic, and
oxalic acid, contribute a larger amount of TOC,
comprising at the most 9.5 mg C/kg at one depth. The
percentage of TOC contributed by the acids at any
one depth ranges from 4 to 18%.
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which comprise the insoluble organic carbon is shown
in Fig. 5. The polycyclic aromatic hydrocarbons
(PAHs) measured which are included here are phen-
anthrene, fluoranthene, and retene. These compounds
originate from combustion sources (Kleeman et al.,
2000). While phenanthrene and fluoranthene originate
from gasoline and/or diesel vehicles, as well as other
fossil fuel combustion sources (Rogge et al., 1993a,b),
retene originates from wood burning (Schauer et al.,
1996), and has been used more specifically as
a marker for boreal forest fires, originating in Canada
and Siberia, when detected in remote locations such
as Greenland (Masclet et al., 2000). Given the sources
of these compounds it is not surprising that phenan-
threne and fluoranthene show up more frequentlyDepth from Surface (cm)
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GCeMS analysis at the 240 cm depth, see text for details.throughout the different layers sampled, whereas the
retene is detected at only one depth. The highest
concentration of PAHs, 1.9 ng/kg, was measured at
the surface layer. Slater et al. (2002) measured 10
different PAHs, whose sums ranged from 3.1 to
21.1 ng/kg, in a shallow snow pit at Summit; no
values were reported for the surface layer. Jaffrezo
et al. (1994) measured PAHs in a 3-m snow pit at
Summit in 1991 and found all concentrations in the
soluble phase to be below detection, however were
able to measure 13 PAHs in the insoluble fraction of
the snow. The range of the sum of the PAHs measured
in the snow pit was 0.598 to 2.367 ng/kg; the
concentration at the surface (the snow pit was
sampled during the summer) was 1.976 ng/kg, very
similar to the concentration measured in this study.es
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5 0 2000 4000 6000 8000
Alkanes
Alkanoic
Acids
no data
for the different depths sampled in the snow pit. No data available for
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elevations above sea level after snow events were
analyzed for 13 species of PAH and the range of their
sums was 0.66 to 4.42 ng/L (Cincinelli et al., 2005).
The hopanes measured included 17B(H)-21A
(H)-30-Norhopane, 17A(H)-21B(H)-Hopane, 22S-
Homohopane, 22R-Homohopane, 22S-Bishomoho-
pane, and 22R-Bishomohopane. These hopanes are
also tracers for fossil fuel combustion; they regularly
show up in measurements of exhaust from vehicle
emissions due to the lubricating (crude) oil used in the
engines (Rogge et al., 1993a). They have been deter-
mined to be stable in the atmosphere on time scales of
a few hours, over a spatial scale of an urban area
(Rogge et al., 1993a), however, it has not been deter-
mined if they are stable enough in the atmosphere to
undergo long-term transport on the order of days.
While it is possible that the hopanes measured at
Summit in the snow originated from populated areas in
the northern hemisphere, it is also possible that they
are a result of contamination of the clean air sector
from activities at the research station.
Heavy-duty diesel machinery and snowmobiles, as
well as intermittent aircraft flights, are used sporadi-
cally at the research station throughout the summer
research season. Use is typically restricted to south
wind days, when any emissions will be blown away
from the clean air sector, however this is not always
possible and with changing wind patterns the clean air
sector is never completely free from camp influence.
An on-site diesel generator is also operated continu-
ously at the camp which may influence the measure-
ments of certain species, such as EC and hopanes.
Although these combustion sources are present, we
measured at a distance and direction from camp that
minimizes any interference (Hagler et al., 2008).
Additionally, precipitation events largely determine the
deposition of atmospheric emissions to the snowpack,
in which case large spikes of the contamination would
be expected in single depths, not throughout the
snowpack (Hagler et al., 2008). Hopanes were quan-
tified in 9 of the 15 depths of the snow pit, with the
highest concentration, 2.4 ng/kg (sum), also found in
the surface layer. This is the first record of hopanes
being quantified in glacial snow or ice to the author’s
knowledge. A number of hopanes were identified in
a Himalayan snow pit by Xie et al. (2000) but were not
quantified.
The n-alkanes quantified ranged from C18 to C40.
The single most abundant alkane was hexatriacontane
(C36) which was quantified in 12 of the 14 depths in the
pit; no data was available for the 240 cm depth.Following this the C24 and C25, C27 and C28, and C32 n-
alkanes were each quantified in five or more of the 14
depths. While an oddeeven predominance among the
alkanes, especially for C29, C31, and C33 would indi-
cated a vegetative source (Rogge et al., 1993c), the
calculation of the carbon preference index (CPI) which
numerically demonstrates the oddeeven predomi-
nance, would result in a number much larger than one.
A limited number of depths allowed for the calculation
of the carbon preference index (CPI), due to the lack of
sequentially quantified n-alkanes. The CPI was calcu-
lated for C29 through C32 for depths 120, 180, and
200 cm, and for C28 through C31 for depths 120 and
200 cm, with average CPIs of 1.10 and 1.17, respec-
tively. The lack of a strong carbon number predomi-
nance would indicate that petroleum-derived products
or crude oil sources may be more likely, as the odde
even predominance is lost during the maturation
processes of sedimentary organic material (Rogge
et al., 1993c), which is typically observed in urban air
particulates that also exhibit no carbon number
predominance because of their petroleum-based sour-
ces (Simoneit et al., 1977).
The two main acids measured were hexadecanoic
(C16) and octadecanoic (C18) acid. These two acids
comprise the majority of the sum of the concentrations
of acids measured, which include other n-alkanoic
acids and n-alkenoic acids. Overall, these acids
comprise at most 4.5 mg C/kg or 6.8% of TOC at any
one depth. Hexadecanoic and octadecanoic acid are
present in 4 and 10 of the fourteen depths measured,
again no data was available for the 240 cm depth, and
have an average concentration of 2300 and 1900 ng/kg,
respectively. The other acids measured are quantified
in at most two depths each. Saturated n-alkanoic acids
have also been identified as a tracer for vegetation, in
this case an eveneodd predominance tends to be
indicative of a vegetative source. Unfortunately
because the C16 and C18 n-alkanoic acids were the only
acids that showed up consistently throughout the snow
pit, the CPI for the n-alkanoic acids was not able to be
calculated. However, these two acids are also the most
commonly formed during the photosynthesis of n-fatty
acids in plants (Rogge et al., 1993c). Grannas et al.
(2004) also measured mono- and di-acids and found
that the C16 fatty acid was dominant in all samples
from those collected at Alert and Summit.
As mentioned previously the low molecular weight
acids comprise up to 18% of TOC at any one depth in
this study. The contribution of the individual acids is
shown in Fig. 6. Formic and acetic acid make up the
majority of these acids, their concentrations range from
262 E. von Schneidemesser et al. / Polar Science 2 (2008) 251e2660.9 to 12 mg/kg and 2.5 to 14 mg/kg, respectively. It is
not surprising that these two acids are the most
dominant in the snow because they have been found to
predominate the tropospheric aqueous phase in
different areas of the world and in particular, remote
areas (Chebbi and Carlier, 1996). Of the organics
measured in polar regions, low molecular weight acids
have by far the largest amount of published research.
The values measured in this study are very similar to
other formic and acetic acid values that have been
measured previously in Greenland. In 1993 Legrand
et al. (1993) reported mean values of formate, 12 mg/0 5 10
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an effect on the carboxylic acid concentrations in
snow (Legrand and Deangelis, 1995). In 2002 Dibb
and Arsenault (2002) measured the mixing ratios of
formic and acetic acids in the air and firn air (air in
the pore space of the snowpack) and found that both
of the monocarboxylic acids were 5e7 times more
abundant 10 cm below the airesnow interface than
85 cm above it. While the mechanisms that release the
acids into the firn air are not fully understood,
possible precursors, such as reactive VOCs produced
by the oxidation of organics in the snow, have been
shown to be present in abundance in the firn air (Dibb
and Arsenault, 2002). Many direct sources of these
acids exist, but none that would be a significant local
source in glaciated environments. Hydrocarbons and
their degradation products are the major producers of
carboxylic acids in the atmospheric gas-phase by
ozoneeolefin and peroxy acyl radical reactions
(Chebbi and Carlier, 1996); therefore it is likely that
these acids are produced during transport, as well as
in photochemical and gas-phase reactions in and
above the snow. This reactivity in the snow, as well as
the difference between the amount measured in the air
versus the snow, makes these compounds unreliable as
a record for past atmospheric conditions. In addition,
Dibb et al. (1996) measured elevated levels of formate
and acetate in the surface snow at Summit during
a biomass burning plume that was advected over
Greenland. However, in shallow snow pits that were
sampled less than a week later these elevated levels
were found not to have been preserved. It was
hypothesized that drifting and blowing snow from
cleaner, previously deposited, near surface layers
could have diluted the snow with the higher concen-
trations, but it was still found surprising that such
a prominent event was so poorly preserved (Dibb
et al., 1996). In addition to mixing taking place at the
surface, gas-phase reactions are also occurring, as the
snowpack remains permeable to gases for depths of
several meters, and the loosely packed snow has
a large surface area on which such reactions can occur
(Domine and Shepson, 2002). These findings further
support the evidence of post-depositional processing
that is taking place within the snowpack, altering the
atmospheric signature.
3.4. Seasonality
The seasonality of the organic compound classes
was investigated. Seasons, limited to summer, winter,
and spring were assigned based on the dating of thesnow pit depths as discussed earlier (see Fig. 2).
Depths that did not specifically have a season assigned
were determined by evaluation of the Ca2þ and d18O
data. If a depth seemed to be in between seasons, both
possibilities were plotted and assessed, however, only
one result is shown in Fig. 7, as the small variations of
seasonal assignment to the one or two depths that were
less clear-cut did not change the outcome of the results.
The results in Fig. 7 show the range of the sum of the
concentrations for the compound classes as depicted by
the box, and the average as indicated by the median
line in the box. The PAHs had only one or two values
for each season which is why only the average is
shown as a line. From this evaluation, as well as the
depth plots, no seasonal trends were found to be
present in most of the organics measured. The alkanoic
acids do show that higher concentrations are more
likely in summer. To further examine any possible
seasonal trends, additional plots correlating the hex-
adecanoic and octadecanoic acid to the various
elements used for dating were examined (not shown),
and no significant correlation was found. The 20-cm
sampling interval may contribute to the poor sensitivity
to recognize seasonal patterns.
This general lack of seasonality implies that either
the compounds have no depositional trends, any
compounds demonstrating seasonality underwent
transformations during transport, or that the hypoth-
esis that there is a large amount of post-depositional
processing occurring that has been shown to affect the
low molecular weight acids, specifically formic and
acetic acid, and likely the other organic compounds is
supported. Jaffrezo et al. (1994) investigated the sea-
sonality of PAH compounds in a 3-m snow pit at
Summit from the summer of 1991; The PAHs quan-
tified were from the insoluble fraction of the snow
melt water. Patterns of degradation and retention in
the snowpack were found to vary for different PAHs,
with phenanthrene, benzo-b- and benzo-k-
fluoranthene, benzo-ghi-perylene, and chrysene
showing no significant degradation over the 4 years
included in the snow pit. Benzo-a-pyrene however
decreased by an average of 90% over the 4 years;
fluoranthene and pyrene by an average of 40 and 35%
over the same time span (Jaffrezo et al., 1994). In
addition, Jaffrezo et al. (1994) in agreement with
a number of other papers, specifically those looking at
major ion concentrations, found that there is a spring
maximum in deposition, due to changes in the mete-
orological patterns which increase transport from
source regions (Barbante et al., 2003; Hutterli et al.,
2007; Toom-Sauntry and Barrie, 2002). Toom-Sauntry
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snow samples that were collected over a number of
years at Alert and found that the organic acids
including formate, acetate, and propionate peak after
polar sunrise and are at their highest concentrations
from March to May. This maximum has clearly been
lost in the data presented here, and is likely due topost-depositional changes as outlined previously.
Similar data for alkanes or higher molecular weight
acids is lacking so no comparison can be made. This
lack of data makes it difficult to draw conclusions
with respect to the retention or possible degradation of
these compounds in the snowpack. While no seasonal
trends are apparent, this does not immediately impli-
cate or rule out post-depositional processing or
changes in transport.
4. Conclusions
This method is an advancement in the measurement
of organics in snow because it allows for the quanti-
fication of a wide variety of individual species of
organics, including PAHs, hopanes, alkanes, alkanoic
acids, and various keto and fatty acids, from one or two
extractions. The volume of snow needed, two liters, is
a manageable amount of sample. The advantage of this
method is the parallel of the compounds quantified to
that of a standard aerosol sample. While the method is
not as adept for the quantification of very polar
compounds as it is for the non-polars, this could be
improved upon with future research. The trace level
detection limit of this method is an advancement,
however many species still remain below the detection
limit. The large volume injection afforded by the PTV
allowed for the detection of PAHs and hopanes,
however, many more PAHs were detected than are
reported here, but because of sample to noise levels, as
well as blank values, were considered insignificant.
That said, the detection limits will be sufficient for
most snow samples, as Greenland is an extreme case in
terms of low concentrations.
In summary, the carbonaceous compounds quanti-
fied comprised between 6 and 24% of the TOC at any
one depth of the snow pit. While the percentage
quantified at any one depth does not allow for
a complete mass balance of the TOC, the compounds
quantified are useful tracer compounds which would
allow for the identification of sources. In addition,
there are many compounds that are not quantified by
the methods presented, which could be included in
future work by more extensive analyses, as well as
many compounds which are unknown or very difficult
to quantify by current methods due to the diversity in
the characteristics of organic compounds including
carbon number, functional groups, and solubility in
water and various solvents; common analyses of
organic matter are typically able to quantify only
around 10% that can be attributed to individual
compounds (Saxena and Hildemann, 1996). There is
265E. von Schneidemesser et al. / Polar Science 2 (2008) 251e266likely also a significant portion of the TOC which is
comprised of secondary organic aerosol and its
precursors that were not quantified, such as isoprene,
a number of terpenes, and some aromatic hydrocarbons
and acids (Jaoui et al., 2005). No seasonal trends were
observed in the organics measured. This may be
indicative of the lack of seasonality due to changes
occurring during transport, or of post-depositional
processing, including gas-phase and photochemical
reactions, occurring in the snowpack.
This method could be used in further studies along-
side aerosol measurements to determine deposition
rates, as well as the correlation between atmospheric
and snowpack concentrations of organics. Such data
could be processed with chemical mass balance or
source apportionment models to gain a better under-
standing of source regions and transformation during
transport. While the individual organic compounds
quantified do not provide a mass balance, the species
quantified such as the hopanes, PAHs, alkanes, and
certain acids are useful source tracer species, as dis-
cussed previously in the ‘speciated organics’ section.
When used in concert with trace metals, and total
organic and elemental carbon measurements the data
could be used to provide likely source information, for
example crustal or dust sources, wood smoke or forest
fire sources, or petroleum-based sources such as
mobile source emissions or fossil fuel burning
(Schauer et al., 1996; Sheesley et al., 2004).
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